Immobilization induces oxidative damage to the brain. Ilex paraguariensis extracts (Mate) and chlorogenic acid (CGA), its major natural compound, exert protective effects against reactive oxygen species (ROS) formation. Here, the effects of Mate and CGA on oxidative damage induced by chronic immobilization stress (CIS) in cortex (CTX), hippocampus (HIP) and striatum (STR) were investigated. For CIS, animals were immobilized during 6 h every day for 21 consecutive days. Rats received Mate or CGA daily by intra-gastric gavage 30 min before every restraint session. Endpoints of oxidative stress (levels of lipid peroxidation, protein carbonylation, and reduced (GSH) and oxidized (GSSG) forms of glutathione) were evaluated following CIS. While CIS increased oxidized lipids and carbonyl levels in all brain regions, CGA (and Mate in a lesser extent) attenuated lipid and protein oxidation as compared to control groups.
Introduction
Chronic stress affects the functions of the nervous, endocrine and immune systems (Halliwell and Gutteride 2007) . Stress elevates corticosterone (CORT) secretion, causing mitochondrial dysfunction induced by a prolonged decrease in the mitochondrial membrane potential (Takahashi et al. 2002) , which results in excitotoxicity and reactive oxygen species (ROS) formation (Hansson et al. 2008 ). In addition, the increased levels of glucocorticoids produced during stress may affect the whole antioxidant capacity of the Central Nervous System (Şahin and Gümüşlü 2007).
In line with this, restraint stress creates a neurotoxic environment in the brain, increasing the susceptibility of neuronal cells to suffer metabolic alterations and death through the activation of deleterious signaling pathways (Gerecke et al. 2013) . Stress induced by immobilization is related with oxidative damage to lipids, proteins and DNA in the brain (Liu et al. 1996) , possibly associated with mitochondrial dysfunction, disruption of energy metabolism, neuronal damage, impaired neurogenesis and induction of signaling events during apoptotic cell death (Grizzell et al. 2014) , all accompanied by ROS production.
ROS and antioxidants have been the focus of a considerable number of current investigations. Polyphenols and other compounds from natural products have been described as major antioxidants. In this regard, Ilex paraguariensis extracts particularly rich in bioactive compounds, are known to possess various redox modulatory properties, the majority of which are associated with defense against ROS (Lima et al. 2014; Colpo et al. 2016) .
Yerba mate is the main product obtained from branches and leaves of the Ilex paraguariensis tree. This product is used to make a traditional beverage consumed in South America, named "Chimarrão" in Brazil, "Mate" in Argentina and Uruguay, and D r a f t 4 "Tererê" in Paraguay (Bracesco et al. 2011) . The predominant compound of yerba mate extracts is chlorogenic acid (CGA, 3-O-caffeoylquinic acid) (Bracesco et al. 2011; Colpo et al. 2016) . Recent evidence suggests that CGA may produce beneficial effects related to antioxidant activity (Gul et al. 2016; Liang and Kitts 2016) . Additional evidence indicates that both yerba mate crude extracts and CGA can produce neuroprotective effects associated primarily to their activities as antioxidants. Gul et al. (2016) demonstrated that CGA protected rat cortical slices against H 2 O 2 -induced alterations on oxidative stress parameters. In turn, Lee et al. (2012) showed that CGA reduced brain damage, blood-brain barrier damage and brain edema by stimulating radical scavenging activity.
Regarding crude extracts, Ilex paraguariensis extracts have demonstrated the ability to prevent memory deficits in rats (Colpo et al. 2007; Santos et al. 2015) , and a capacity to reduce the frequency of seizures, minimizing the neuronal damage associated with their periodic occurrence (Branco Cdos et al. 2013) . Moreover, Cittadini et al. (2015) reported that this plant could be a source of chemopreventive agents to combat oxidative stress-related neurodegenerative pathologies because of its redox effects in brain regions.
Despite of the aforementioned evidence, the role of yerba mate crude extracts and CGA in modulating the oxidative stress-induced alterations in the brain remains unexplored. Thus, in this work we investigated whether yerba mate crude extracts and CGA may exert protective effects in the brains of rats submitted to CIS, and if these effects are due to their antioxidants capacities.
Materials and methods

Reagents and extracts preparation
Yerba mate was purchased in a popular market in Uruguay. The aqueous extract was prepared as an infusion of Ilex paraguariensis (Aquifoliaceae) at a 200 mg/ml concentration. The infusion was prepared with 10 ml of ultrapure water at 85ºC in 2 g of yerba mate for 10 min. The extract infusion was named simply "Mate". Chlorogenic acid (5.6 mM) was diluted in saline solution 0.9% (in accordance with the manufacturer's instructions (Colín-González et al. 2015) . To avoid the animals to adapt in the glass device, different daily stressing stimuli were applied for two hours during the restraint period; they included cold water basement, inclination of the box, hot water basement, ice, dark and light (all applied external to the glass device). Groups that were not submitted to CIS were isolated daily in acrylic cages (30 x 30 x 20 cm) during 6 h for 21 days. The four groups were deprived of food and water during the 6 h isolationperiod. All groups received treatments by intra-gastric gavage, 30 min before immobilization or isolation for the same 21 days. The treatment dose was determined according to the body weight of the animal (1.5 µl/g for vehicle and mate; 0.5 µl/g for CGA) (Brasil 1996 (Brasil , 2004 Andrade et al. 2012; Lee et al. 2012 ). An additional small control group (n=3) was subjected to random stressors but not being immobilized; since these animals did not show changes in body weight, neither exhibited signs of anxiety, they only served to assess that random stressors per se exerted slight or no effects in control rats (data not represented).
The body weight of animals was estimated individually using an analytical balance.
This procedure was carried out every three days since the beginning of the experiment.
In order to analyse the variations in this parameter, at the end of the treatment the final weight was subtracted from the initial weight.
Assay of lipid peroxidation
The assay to detect thiobarbituric acid-reactive substances (TBA-RS) was used for the determination of the levels of lipid peroxidation in tissue samples, according to a previous report (García et al. 2014) . The principle of this technique is based on the reaction of TBA with oxidized lipids to form malonaldehyde (MDA) as a product of peroxidation, as well as other products. Results were corrected by the protein content in samples and expressed as nmol of TBA-reactive substances (TBAR-RS) per mg protein.
Assay of protein carbonylation
Hydrazone formation after reaction with DNPH was calculated as an index of protein carbonylation (Colín-González et al. 2013 ). The levels of proteins containing carbonyl groups were expressed as nmol of DNPH per mg of protein, using the molar absorption coefficient for DNPH (22.000 M -1 cm -1 ). The total amount of protein was obtained through the estimation of the optical density at 280 nm in blank probes prepared in parallel. Results were expressed as the percent of increase vs. the control value.
Determination of oxidized and reduced glutathione concentrations
For measurement of GSH and GSSH levels, we used a method previously described 
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Lipid peroxidation
Results of TBA-RS formation in the cortex, hippocampus and striatum of control and stressed animals are presented in Figs. 2a, 2b, and 2c, respectively. In the cortex, CIS increased the levels of lipid peroxidation in the Water+CIS treated group by 35% (p≤0.001), and in the Mate+CIS treated group in 21.6% (p≤0.05), above their corresponding control groups. In the CIS+CGA treated group, there was no change in TBA-RS formation (4.33%) as compared to the control group (Fig. 2a) . The effect of CIS on the striatal levels of TBA-RS formation is showed in Fig. 2c . In this brain region, lipid peroxidation was found significantly increased in the Water+CIS (p≤0.01) and Mate+CIS (p≤0.05) treated groups, which corresponded to 33 % and 40 % above their corresponding controls. CGA was able to maintain the TBA-RS formation similar to control values.
When comparing the data of all groups submitted to CIS, it was found that, in the CTX and HIP, lipid peroxidation was significantly lower in the Mate-and the CGAtreated groups than the control (Water) treated group. In the STR, only CGA presented a significant response against stress. The statistical significance derived from the analysis of these data was represented by the letter "c" in Fig. 2a, 2b and 2c.
Protein carbonylation
The statistical analysis revealed that CIS condition produced a significant increase in protein oxidation in all three regions studied (Figs. 3a, 3b and 3c): using water as control, it was found that the protein carbonylation levels were increased by CIS in CTX, HIP and STR (p≤0.001). Mate was able to counteract the effects of CIS in the hippocampus (p≤0.05), whereas in the cortex and the striatum, this effect was not observed. In contrast, CGA was capable of inhibiting oxidative damage to proteins, as the carbonyl protein rate was similar to control in all the brain regions tested.
When comparing all groups submitted to CIS, the CGA-treated group exhibited lower levels of protein carbonylation in relation to the Water (control)-treated group in cortex (p≤0.01), hippocampus (p≤0.05) and striatum (p≤0.001). Mate significantly decreased the protein oxidation in the hippocampus (p≤0.05). (Gamaro et al. 2003; Flak et al. 2011) . Our study confirms that CIS was responsible for a significant weight loss, while mate and CGA were able to reduce the alterations associated to the stress mechanisms, thus maintaining homeostasis and limiting the weight loss.
Glutathione (GSH/GSSG) balance
The factors associated to these positive effects remain unclear; however, it is known CGA is a free radical and metal scavenger and represents the major component in
Ilex paraguariensis extracts (Colpo et al. 2016) . In the brain, CGA has shown to improve the spatial learning and memory (Han et al. 2010) , also exerting anti-amnesic D r a f t activity via inhibition of acetylcholinesterase and malondialdehyde (MDA) in the hippocampus and frontal cortex (Kwon et al. 2010) . CGA also reduces brain and bloodbrain barrier (BBB) damages, as well as brain edema, by radical scavenging activity and inhibitory effects on metalloproteinases (Lee et al. 2012 ). The present report highlights the protective effects of CGA in different brain regions from rats submitted to CIS. Of note, the brain concentration of bioactive compounds uptake is limited, although it is known that, usually, metabolites are accumulated at levels around 0.4 nmol/g tissue (El-Mohsen et al. 2006) . Numerous mechanisms, such as free radical scavenging, metal chelation and the modulation of enzyme activities, have been proposed to explain the positive impact of polyphenols in the brain (Schaffer et al. 2012 ). Furthermore, Halliwell (2006) observed that the sufficient supply of the CNS with antioxidants is of prime importance because of the brain's vulnerability to oxidative and nitrosative stress.
Antioxidant enzymes play important roles in the cerebral cellular defense against oxidative damage, and are able to lower the risk of some neurological disorders (Halliwell and Gutteride 2007) . Reduced glutathione (GSH) is involved in many metabolic processes and prevent protein-SH groups from oxidation and cross-linking (Halliwell and Gutteride 2007) . Moreover, GSH plays a fundamental role in the detoxification of ROS, which is critical for the normal function of the brain (Hirrlinger et al. 2002) . During oxidative stress, GSSG and glutathione S-conjugates are generated, being GSSG/2GSH described as an important indicator of the intracellular redox environment (Khramtsov and Gillies 2014) . Our results show that CIS produced an increase in GSH levels only in CTX (p≤0.05), and this change can be interpreted as a more adaptive/compensatory response to the oxidative damage in course. The same D r a f t interpretation can be adopted for the tendency induced by CIS, CIS+Mate and CIS+CGA conditions to increase the GSH/GSSG balance in the three regions studied.
Consistent with a cytoprotective role, low GSH levels decrease cellular antioxidant capacity, as occurs in various neurodegenerative disorders. In turn, elevated GSH levels and GSH/GSSG balance increase antioxidant capacity and resistance to oxidative stress (Ballatori et al. 2009 ). The mechanisms by which GSH is increased remain unclear since they might be due to a variety of factors, including increased transcriptional activity of proteins used to synthesize GSH, increased translational activity, decreased degradation of GSH, increased reduction of GSSG, and increased transport of precursors (Johnson et al. 2012 ).
There is now enough collected evidence to claim beneficial effects of antioxidants in prolonged stress and unbalanced redox present in neurodegenerative disorders, such as 
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